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ABSTRACT
Context. Transients X-ray binaries (XrB) exhibit very different spectral shapes during their evolution. In luminosity-color diagrams,
their behavior in X-rays forms q-shaped cycles that remain unexplained. We proposed a framework where the innermost regions of
the accretion disk evolve as a response to variations imposed in the outer regions. These variations lead not only to modifications of
the inner disk accretion rate m˙in but also to the evolution of the transition radius rJ between two disk regions. The outermost region is
a standard accretion disk (SAD), whereas the innermost region is a jet-emitting disk (JED) where all the disk angular momentum is
carried away vertically by two self-confined jets.
Aims. In the previous papers of this series, it has been shown that such a JED–SAD disk configuration could reproduce the typical
spectral (radio and X-rays) properties of the five canonical XrB states. The aim of this paper is now to replicate all X-ray spectra and
radio emission observed during the 2010–2011 outburst of the archetypal object GX 339-4.
Methods. We use the two–temperature plasma code presented in two previous papers (II, III) and design an automatic ad hoc fitting
procedure that gives, for any given date, the required disk parameters (m˙in, rJ) that best fit the observed X-ray spectrum. We use
X-ray data in the 3–40 keV (RXTE/PCA) spread over 438 days of the outburst, together with 35 radio observations at 9 GHz (ATCA)
dispersed within the same cycle.
Results. We obtain the time distributions of m˙in(t) and rJ(t) that uniquely reproduce the X-ray luminosity and the spectral shape of
the whole cycle. Using the classical self-absorbed jet synchrotron emission model, the JED–SAD configuration reproduces also very
satisfactorily the radio properties, in particular the switch-off and -on events and the radio-X-ray correlation. Although the model is
simplistic and some parts of the evolution still need to be refined, this is, to our knowledge, the first time that an outburst cycle is
reproduced with such a high level of detail.
Conclusions. Within the JED–SAD framework, radio and X-rays are so intimately linked that radio emission can be used to constrain
the underlying disk configuration, in particular during faint hard states. If this result is confirmed using other outbursts from GX 339-4
or other X-ray binaries, then radio could be indeed used as another means to indirectly probe disk physics.
Key words. black hole physics – accretion, accretion discs – magnetohydrodynamics (MHD) – ISM: jets and outflows – X-rays:
binaries
1. Introduction
The time and spectral behaviors of transient X-ray binaries are
important challenges for the comprehension of the accretion-
ejection phenomena. These binary systems can remain in qui-
escence for years before suddenly going into outburst, usually
for several months. During a typical outburst cycle, the mass ac-
cretion rate onto the central compact object undergoes a sudden
rise, leading to an increase in X-ray luminosity by several orders
of magnitude, before decaying back to its initial value. These
two phases are referred to as the rising and decaying phases. The
X-ray spectrum is also seen to vary significantly during these
events, displaying two very different spectral shapes. It is ei-
ther dominated by a hard power-law component above 10 keV
(defined as the hard state), or dominated by a soft black-body
component of a few keV (soft state). During the rising phase, all
objects display hard state spectra, until at some point they tran-
sition to a soft state. When transitioning, a significant decrease
in luminosity is undergone before coming back to the hard state.
There is therefore a striking hysteresis behavior: XrB transients
show two very different physical states, and the two transitions
from one state to another happen at different luminosities. This
provides the archetypal ’q’ shaped curve of X-ray binaries in
the so-called hardness-intensity diagram. An evolutionary track
for which no satisfactory explanation for state transitions has
been provided yet (Remillard & McClintock 2006). For recent
reviews and surveys, we refer the reader to, for example, Dunn
et al. (2010) or Tetarenko et al. (2016).
In addition to specific accretion cycles, X-ray binaries also
show specific radio properties (jets) correlated to the X-ray be-
havior (Corbel et al. 2003; Gallo et al. 2003). This puzzling fact
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was already noted in early studies (see, e.g., Hjellming & Wade
1971; Tananbaum et al. 1972; Bradt et al. 1975). Indeed, per-
sistent self-collimated jets, as probed by a flat-spectrum radio
emission (Blandford & Königl 1979), are detected during hard
states, whereas no radio emission is seen during soft states. This
defines thereby an imaginary line where jets are switched-off: the
so-called "jetline" (Fender et al. 2009), also marking the moment
where discrete ejections of plasma bubbles are observed (see for
example Mirabel & Rodríguez 1998; Rodriguez et al. 2008), and
after which sources are in radio quiet states. Nowadays, it is
widely accepted that spectral changes are due to modifications
in the inner accretion flow structure (see, e.g., Done et al. 2007,
and references therein), and that detection/non-detection of ra-
dio emission results from the presence/absence of compact jets
(Corbel et al. 2004, Fender et al. 2004, see however Drappeau
et al. 2017 for an alternative view).
A global scenario was first1 proposed by Esin et al. (1997),
based on the interplay between an outer standard accretion
disk (SAD hereafter, Shakura & Sunyaev 1973) and an inner
advection-dominated flow (Ichimaru 1977; Rees et al. 1982;
Narayan & Yi 1994). While the presence of a SAD in the outer
disk regions is globally accepted (Done et al. 2007), the exis-
tence and the physical properties of the inner flow remain highly
debated for X-ray binaries (for a review, see Yuan & Narayan
2014). This scenario does not however address the jet forma-
tion and quenching, leaving an important observational diagnos-
tic unexplained.
A framework addressing the full accretion-ejection phenom-
ena has been proposed and progressively elaborated in a series
of papers. Ferreira et al. (2006), hereafter paper I, proposed that
the inner disk regions would be threaded by a large-scale verti-
cal magnetic field. Such a Bz field is assumed to build up mostly
from accumulation from the outer disk regions, as seen in very
recent numerical simulations (see, e.g. Liska et al. 2018). As a
consequence, its radial distribution and time evolution are ex-
pected to vary according to the (yet unknown) interplay between
advection by the accreting plasma and the turbulent disk diffu-
sion. The local field strength is then measured at the disk mid-
plane by the magnetization µ(r) = B2z/P, where P is the total (gas
plus radiation) pressure. The main working assumption of this
framework is that the magnetization increases inwardly so that
it reaches a value allowing a jet-emitting disk (hereafter JED) to
establish.
The properties of JEDs have been extensively studied,
mostly analytically (Ferreira & Pelletier 1993, 1995; Ferreira
1997; Casse & Ferreira 2000) but also numerically (Casse &
Keppens 2002; Zanni et al. 2007; Murphy et al. 2010; Tzeferacos
et al. 2013). In these solutions, all the disk angular momentum
and a sizable fraction of the released accretion power are car-
ried away by two magnetically-driven jets (Blandford & Payne
1982). These jets produce an important torque on the underly-
ing disk, allowing accretion to proceed up to supersonic speeds.
This characteristic and quite remarkable property stems from the
fact that JEDs require near equipartition Bz field, namely µ lying
roughly between 0.1 and 0.8. As a consequence, a JED becomes
sparser than a SAD fed with the same mass accretion rate.
Marcel et al. (2018b), hereafter paper II, developed a two-
temperature plasma code that computes the local disk thermal
equilibria, taking into account the advection of energy in an it-
erative way. The code addresses optically thin/thick transitions,
both radiation and gas supported regimes, and computes in a
1 We also refer an interested reader to Lasota et al. (1996) for an ealier,
yet different, global view.
consistent way the emitted global spectrum from a steady-state
disk. The optically thin emission is obtained using the Belm
code (Belmont et al. 2008; Belmont 2009), a code that provides
accurate spectra for bremsstrahlung and synchrotron emission
processes, as well as for their local Comptonization. It turns
out that JEDs, because of their low density even at high accre-
tion rates, naturally account for luminous hard states with lumi-
nosities up to 30% the Eddington luminosity (Eddington 1926),
a level hardly achieved in any other accretion mode (Yuan &
Narayan 2014).
However, a disk configuration under the sole JED accretion
mode cannot explain cycles such as those exhibited by GX 339-
4. Not only does the system need to emit an X-ray spectrum soft
enough when transitioning to the soft state, but jets need also to
be fully quenched. To do so, we assume the existence of a tran-
sition at some radius rJ , from an inner JED to an outer SAD, as
proposed in paper I. This results in an hybrid disk configuration
raising several additional difficulties in the treatment of the en-
ergy equation. One of them is the non local cooling of the inner
(usually hot) JED by soft photons emitted by the external SAD,
another is the advection of colder material into the JED. Both
effects have been dealt with in Marcel et al. (2018a), hereafter
paper III. They explored the full parameter space in disk accre-
tion rate and transition radius, and showed that the whole domain
in X-ray luminosities and hardness ratios covered by standard
XrB cycles is well reproduced by such hybrid disk configura-
tions. Along with these X-ray signatures, JED–SAD configura-
tions also naturally account for the radio emission whenever it
is observed. As an illustration, five canonical spectral states typ-
ically observed along a cycle were successfully reproduced and
displayed.
In this paper, we make the next step. We show that a smooth
evolution of both the inner disk accretion rate m˙in(t) and transi-
tion radius rJ(t) can simultaneously reproduce the X-ray spec-
tral states and the radio emission of a typical XrB, GX 339-4,
during one of its outbursts. In section 2, we present the obser-
vational data used in this article, in X-rays and at radio wave-
lengths. Then, in section 3, we present the fitting procedure im-
plemented to derive the best pair of parameters (rJ , m˙in) allow-
ing to reproduce the evolution of the X-ray (3–40 keV) spectral
shape. Although we focused only on X-rays, the model predicts
a radio light curve that is qualitatively consistent with what is
observed. It turns out that the phases within the cycle with the
largest discrepancies are also those where the constraints im-
posed by X-rays are the loosest. We thus included the radio
(9 GHz) constraints within the fitting procedure, leading to a
satisfactory quantitative replication of both the X-ray and radio
emission along the whole cycle (Sect. 4). Section 5 concludes by
summarizing our results.
2. Spectral and radio evolution of GX 339-4
2.1. Data selection and source properties
In order to investigate the capability of our theoretical model
to reproduce the outbursts of X-ray binaries, we need a large
number of observations tracing the spectral evolution of an X-
ray binary through a given outburst. Among all X-ray observa-
tions available, we therefore selected the RXTE archival data,
which currently provide the best coherent coverage of such out-
bursts. In the past century, GX 339-4 was one of the first X-ray
sources discovered. Since then, GX 339-4 has been widely stud-
ied and has shown to be one of the most productive X-ray bi-
naries, undergoing an outburst once every two years on average
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(see Tetarenko et al. 2016, Table 14 for a complete review). For
this historic reason and the huge amount of data available, we
will focus our study on this notorious object. The 2010–2011
outburst of GX 339-4 was then chosen because it has the best
simultaneous radio coverage.
Among the parameters of GX 339-4, the distance to the
source seems to be the best constrained. Different studies have
estimated with accurate precision that d ' 8±1 kpc (Hynes et al.
2004; Zdziarski et al. 2004; Parker et al. 2016). The spin of the
central black hole of GX 339-4 has also been constrained us-
ing different spectral features, and the most recent studies seem
to agree with values such as a ' 0.93–0.95 (Reis et al. 2008;
Miller et al. 2008; García et al. 2015, but see Ludlam et al. 2015
for different and higher spin estimates a > 0.97.). The spin of
the black hole is not a direct parameter within our model, but the
inner radius of the disk is. We assume that the disk extends down
to the inner-most stable circular orbit (ISCO) of the black hole.
Thus, in agreement with the estimation of the spin, we choose
rin = Rin/Rg = 2, i.e. a = 0.94, where Rg = GM/c2 is the
gravitational radius, G the gravitational constant, c the speed of
light, and M the black hole mass. An important parameter of our
model is obviously the black hole mass m = M/M, where M
is the mass of the Sun. Multiple studies have been performed to
constrain m and have led to different estimations (see for exam-
ple, Hynes et al. 2003; Muñoz-Darias et al. 2008; Parker et al.
2016; Heida et al. 2017). For simplification, and since there is
no consensus on GX 339-4 mass, we chose it to be a rather cen-
tral value, the same as the former mass function m = 5.8. In any
case, the self-similar modelling implies that our results are in-
sensitive to the uncertainties on black hole mass. The inclination
of the system is neglected for now (see papers II and III).
In this work, cylindrical distances R will be expressed with
respect to the gravitational radius r = R/Rg, the mass with re-
spect to the solar mass m = M/M, luminosities will be normal-
ized to the Eddington luminosity LEdd, and the disk accretion
rate with m˙ = M˙/M˙Edd = M˙c2/LEdd. In practice, we use only
the accretion rate at the innermost disk radius m˙in = m˙(rin). Note
that this definition of m˙ does not include any accretion efficiency.
2.2. X-ray observations and spectral analysis
The spectral analysis of the X-ray observations was restricted
to the 3–40 keV energy range covered by RXTE/PCA (for more
details on data reduction and spectral analysis, see Clavel et al.
2016). The best fits obtained included an absorbed power-law
(hard X-rays) plus a disk (soft X-rays), providing the power-law
photon index Γ and luminosity Lpl as well as the overall luminos-
ity L3−200 = Lpl + Ldisk. The typical maximal statistical errors in
Clavel et al. (2016) fits are few percent in flux on average: 2% in
the soft state, and up to 5% in the hard state. In power-law dom-
inated states, an average statistical error of Γerr ' 0.04 in power-
law index was found, whereas this error is Γerr ' 1.1 in pure soft
states. Those errors are reported in Fig. 3 and Fig. 7. Note that
observed luminosities, L3−200, Lpl, and Ldisk are computed in the
3–200 keV range using the power-law and disk parameters fitted
between 3–40 keV and extrapolated up to 200 keV.
These spectral fits allowed us to derive several important
observational quantities for each RXTE observation and to fol-
low their evolution along the 2010–2011 outburst, observed from
MJD 55208 (January 12, 2010) to MJD 55656 (April 5, 2011). In
Fig 1, we display the disk fraction luminosity diagram (DFLD,
see Körding et al. 2006) of GX 339-4 in the 3–200 keV range.
GX 339-4 follows the usual q-shaped hysteresis cycle, crossing
all2 five canonical states of X-ray binaries, as defined in pa-
per III: quiescent, low-hard, high-hard, high-soft and low-soft
(hereafter Q, LH, HH, HS and LS, respectively). In paper III, we
demonstrated that our model was able to replicate the generic
properties observed in these five states. The jet-line (Corbel et al.
2004; Fender et al. 2004) overlaid on the DFLD indicates the
separation between states associated with a steady3 radio emis-
sion (right) and those with flares or undetectable radio emission
(left), see also Fig. 2. From now on, days are expressed in refer-
ence to MJD 55208 ≡ day 0.
In a pioneering work, Markert et al. (1973a) and Markert
et al. (1973b) discovered that GX 339-4 had undergone three
different spectral states between 1971 and 1973. They named
these states upon their 1–6 keV fluxes: high-state, low-state and
off-state. They had just discovered the ancestors of the soft,
hard, and quiescent states respectively. In their influential paper,
Remillard & McClintock (2006) defined another spectral state
localized between the low/hard and the high/soft states: the steep
power-law state. They also renamed the high/soft state into ther-
mal state, leading to 3 stable states (hard, steep power-law, ther-
mal). Within this new nomenclature, an object spends most of its
life in the quiescent state, before rising in the hard state. Then, it
transits from the hard to the steep power-law state in the hard-to-
soft transition (upper horizontal branch in the DFLD), and the
other way around in the soft-to-hard transition (lower branch).
Whenever the object is not in one of the 3 stable states defined
by Remillard & McClintock (2006), it will be classified as an in-
termediate state. We think however that the transition between
pure hard states (presence of jets, power-law dominated) and
steep power-law states (no apparent jet, disk dominated) should
be better highlighted. We therefore use intermediate states to
represent an identified spectral state, as defined for instance in
Homan & Belloni (2005) and Nandi et al. (2012). We discrim-
inate using only two spectral signatures: the power-law fraction
PL f , defined as the ratio of the power-law flux to the total flux in
the 3–200 keV range, and the power-law index Γ. This approach
leads to the following four spectral states (ignoring quiescence)
achieved during an entire typical cycle as reported in Fig. 1:
- Hard states, in green, are the spectral states where no disk
component is detected. They combine quiescent states and more
luminous states, as long as the power-law index remains Γ . 1.8
with a power-law fraction PL f = Lpl/L3−200 = 1 by definition.
They appear from day 0 to 85 during the rising phase and be-
tween days 400 and 438 during the decaying phase, see Fig. 3
top panel, for time evolution.
- Hard-intermediate states, in blue, are characterized by a
dominant and rather steep power-law, with 1.8 . Γ . 2.4 and
PL f > 0.6. These states, also labeled hard-intermediate in Nandi
et al. (2012), are often accompanied by an high-energy cut-off
around 50–100 keV at high luminosities (Motta et al. 2009). Of
course, due to the lack of observations above 40 keV, the cut-
off will not be discussed in this work (see discussion Sect. 4.4
in paper III). They arise from day 86 to 95 in the hard-to-soft
transition, then between days 385 and 398 in the soft-to-hard
transition.
- Soft-intermediate states, in yellow, are characterized by a
disk dominated spectral shape with 0.2 < PL f < 0.6, accom-
panied by a reliable steep power-law fit with Γ ' 2–2.5. These
2 During the 2010–2011 outburst, RXTE monitoring started when
GX 339-4 was already in the low-hard (LH) state, which explains the
lack of observations during the transition from quiescence (Q) to LH.
3 Steady emission related to the interaction of jets with the interstellar
medium is not considered here.
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Fig. 1: Evolution of GX 339-4 during its 2010–2011 outburst in
a 3–200 keV DFLD, showing the total L3−200 X-ray luminosity
(in Eddington units) as function of the power-law fraction. Hard
states are displayed in green, hard-intermediate states in blue,
soft-intermediate states in yellow, and soft states in red (see text).
The five canonical states (Q, LH, HH, HS, LS) defined in paper
III are highlighted by the black stars and the observed approx-
imate location of the jet-line is illustrated as a black line. Hard
tail levels of 1, 3, and 10% are shown in red dotted, dashed, and
solid lines, respectively (see text).
states were also labeled soft-intermediate in Nandi et al. (2012).
They are settled from day 96 to 125 in the hard-to-soft transition
and from day 351 to 384 on the way back.
- Soft state, in red, have a disk dominated spectrum with a
hard tail. This so-called hard tail is a steep and faint (PL f < 0.2)
power-law, with poorly constrained power-law index Γ ∈ [2, 3]
(see red portion in Fig. 3 bottom-left panel). They occur from
day 126 to 317.
Although these states are defined using only two pieces of
information: the power-law fraction PL f = Lpl/L3−200 and the
power-law index Γ, it will be visible that the spectral differences
between these states also translate into dynamical differences in
the disk evolution. This is why extra caution needs to be taken
for the soft states, where derived properties also depend on the
amplitude of the additional hard tail (see paper III). Since the
physical processes responsible for the production of the hard tail
remain to be investigated (see, e.g., Galeev et al. 1979; Gier-
lin´ski et al. 1999), a constant hard tail level of 10% will be used
throughout this article. As it clearly appears in Fig. 1, this as-
sumption will force us to disregard any observation located on
the left hand side of the 10% level line during the soft states.
To fully describe these states within the DFLD, one would need
to assume modifications in the level of the hard tail. Although
interesting, this aspect of the problem will not be investigated
here, as it affects only a negligible amount of the total energy
(see discussions in Sect. 3.2 and 4.1 in paper III).
2.3. Radio observations
During the 2010–2011 outburst, Corbel et al. (2013b) performed
radio observations of GX 339-4 with the Australia Telescope
Compact Array (ATCA). All radio fluxes likely associated with
the presence of steady compact jets obtained during this moni-
toring are shown in Fig. 2, with typical statistical errors between
0.01 and 0.2 mJy (plotted on Fig. 2), and systematic errors of
typical values 5− 10%. Two epochs with radio emission are also
highlighted, and are interpreted as radio flares or interactions of
the ejections with the interstellar medium (Corbel et al., private
communication). Since we are mainly focusing on jet diagnos-
tics that can be related to the underlying accretion disk, we will
not use the radio fluxes detected during these two periods.
0 50 100 150 200 250 300 350 400
Time (MJD-55208)
10 2
10 1
100
101
102
F
R
(m
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ISM interactions
Flares
Fig. 2: Radio observations at 9 GHz during the 2010–2011 out-
burst of GX 339-4 (Corbel et al. 2013a,b). Steady jet emission
is shown with triangle markers, upper for the rising phase and
lower for the decaying phase, all corresponding to proper detec-
tions. Double arrows are drawn when radio emission was also
observed but has been interpreted as radio flares or interactions
with the interstellar medium (Corbel et al. in prep.). The vertical
position of the arrows is arbitrary. The background color shades
correspond to the X-ray spectral states (see Sect. 2.2). The epoch
in white corresponds to a gap in the X-ray coverage due to Sun
constraints.
The hard states are always accompanied with radio emis-
sion (Fig. 2, in green). The radio flux increases in the rising
phase, and decreases in the decaying phase, implying that radio
and X-ray fluxes are likely related. This has indeed been studied
in the past, and it has been shown that the radio luminosity LR
at 9 GHz and the X-ray luminosity LX in the 3–9 keV band fol-
low a universal law LR ∝ L0.62X (Corbel et al. 2003, 2013b). The
hard-intermediate states are also characterized by a persistent
radio emission (blue). The radio flux varies rapidly, and the spec-
tral slope Fν ∝ να changes from the usual α ∈ [0, 0.3] during
the hard states, to a negative slope α ∈ [−0.5, 0] (Corbel et al.
2013a,b). This is clear evidence that jets are evolving over time.
Due to these spectral index changes during the evolution, we will
only consider the radio fluxes in our study rather than the entire
jets spectral energy distribution. In the soft-intermediate states,
no persistent radio flux is usually observed (yellow). However,
multiple radio flares have been observed, mostly during the ris-
ing phase, as represented in Fig. 2. Again, these flares are char-
acterized by a rapidly varying radio emission with negative spec-
tral slopes. In the soft state, no steady radio emission is de-
tected (red). Only few flares and interactions with the interstellar
medium (ISM) are observed.
The absence of steady radio emission during both the soft
(red) and soft-intermediate (yellow) states gives a significant
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constraint: we assume that the accretion flow cannot be produc-
ing any steady jet in such cases 4. This requires that the JED is no
longer present, or that its size is too tiny to produce any signifi-
cant radio emitting jet. On the contrary, the presence of steady ra-
dio emission during both the hard (green) and hard-intermediate
(blue) states is quite easily reproduced with a JED (see Table 1
in paper III).
3. Replication of the 2010–2011 cycle
3.1. Methodology and caveats
As shown in paper III, playing independently with the JED–SAD
transition radius rJ and the disk accretion rate m˙in allows us to
compute spectra and to reproduce thereby any particular position
within the DFLD. We thus perform a large set of simulations
with rJ ∈ [rin = 2, 100] and m˙in ∈ [10−3, 10], computing for
each pair (rJ , m˙in) the thermal balance of the hybrid disk config-
uration, and its associated theoretical global spectrum. We then
fake data and fit each resulting spectrum using the xspec fitting
procedure detailed in paper III. We use the same5 spectral model
components (power-law and disk) as those used for the spec-
tral analysis of the real observations (see Sect. 2.2 and Clavel
et al. 2016). As a consequence, the theoretical parameters can be
directly compared to the observational parameters, namely: the
3–200 keV luminosity L3−200, the power-law flux Lpl in the same
energy range, the power-law fraction PL f = Lpl/L3−200, and the
power-law photon index Γ.
However, there are several differences between the spec-
tra obtained from observations (hereafter, observational spectra)
and those obtained from our theoretical model (hereafter, theo-
retical spectra), that could induce systematic effects in this com-
parison.
First, theoretical spectra are created using both RXTE/PCA
and HEXTE instrumental responses (for 1 ks exposures) and
thus cover the full 3 − 200 keV range. This larger energy range
allows better constraints on the spectral shape of the theoret-
ical spectra. In particular, the high-energy cut-off detected in
part of the associated fits cannot be constrained in the observa-
tional spectra, limited to energies below 40 keV. In order to cor-
rect for this difference, these high-energy cut-offs were ignored
when computing the theoretical luminosities (Lpl and L3−200).
The quality of the theoretical spectra also allows us to detect
faint low-temperature disk components which would not be con-
sidered significant in the observational spectra. However, this
difference only affects a few points in the DFLD (close to the
high hard state) and the shifts induced are small enough to be
neglected (see, e.g., Fig. 3).
Second and most importantly: in addition to the power-law
and disk components described above, a ’reflection’ component
(traced by a strong emission line at ∼ 6.5 keV) is also detected
in most observational spectra. The reflection process is not cur-
rently implemented in our theoretical model, so the theoretical
spectra do not include any reflection component. Therefore, the
model chosen to account for the reflection signal in the obser-
vational spectra could induce systematic errors, mostly in the
power-law parameters, and it is important to quantify them. To
4 Note that some recent studies question whether jets could still be
present during the entire evolution, assuming that the detectability of
jets is not necessarily straightforward (Drappeau et al. 2017). See pa-
per II, Sect. 5 for previous discussions.
5 Despite the fact that we used wabs as absorption model in paper III,
we now use phabs. Note that in the energy bands covered by PCA, the
differences are barely detectable.
account for the reflection component, Clavel et al. (2016) se-
lected an ad hoc model composed of a Gaussian emission line
at 6.5 keV and, when needed, of a smeared absorption edge at
7.1 keV. These components mimic the shape of the reflection
features without accounting for the full complexity of the prob-
lem (see, e.g., García et al. 2014; Dauser et al. 2014, and refer-
ences therein). Indeed, individual RXTE/PCA observations have
an energy range, a spectral resolution, and an exposure time that
prevent more complex reflection models to be fitted on the corre-
sponding spectra. The comparison between the spectral parame-
ters obtained with our ad hoc model and those derived using self-
consistent reflection models was therefore done after merging
several observations together to improve the available statistics
(see García et al. 2015, for an example of such spectral analysis
for GX 339-4 in the hard state).
Our investigation confirms that among all parameters used in
the present work, the power-law photon index Γ is the most im-
pacted. In particular, the use of our ad-hoc model tends to under-
estimate the value of Γ with discrepancies up to ∆Γ . 0.2. This is
especially true in the hard state where such a shift would reduce
the difference between theory and observations that was intro-
duced by taking into account the radio constraints (see Fig. 7,
4th panel on the left). Due to the extrapolation of the observed
luminosity from 3–40 keV to 3–200 keV, such an increase of Γ
would also induce a decrease of Lpl by at most 20%. In addition,
merged spectra provide enough statistics to better constrain the
power-law component present in the softer states (yellow and red
in, e.g., Fig. 3), also leading to shifts in the value of the photon
index Γ. Once again, this shift between the parameter obtained
from grouped spectra and the median of parameters from indi-
vidual fits are no larger than ∆Γ . 0.2, inducing variation on Lpl
of at most 15%.
Having these caveats in mind, we can turn to the comparison
between theoretical spectra and observations.
3.2. Fitting procedure A: X-rays only
For each observation, we search for the best pair (rJ , m˙in) that
minimizes the function
ζX =
|log
[
L3−200/Lobs3−200
]
|
α f lux
+
|log [PL f /PL fobs] |
αPL f
+
|Γ − Γobs|
αΓ
(1)
where Lobs3−200, PL f
obs, and Γobs are the values derived from
Clavel et al. (2016). The coefficients α f lux, αPL f , and αΓ are ar-
bitrary weights associated to each one of the three constraints
considered. The relative importance of the flux and power-law
fraction are comparable, so we choose α f lux = αPL f = 1. More
caution needs to be taken on the weight αΓ put on the spectral
index Γ. Indeed, while quite constraining during the hard states,
the value of Γ becomes unreliable during the soft state. We thus
choose αΓ to be a function of the power-law fraction, namely
αΓ = 2 − 6 log10(PL f ). Note that the lowest value of the power-
law fraction is reached in the soft state and depend on the (cho-
sen) hard tail level, namely 0.1 here. As a result, αΓ varies from
2 in hard states to 8 in the soft state. Although empirical, this
choice of ζX has revealed very effective in providing the best
pair of parameters (rJ , m˙in) for a given spectral shape. Fitting the
entire cycle using this procedure takes only a few seconds.
3.2.1. Results: DFLD and spectra
The best fits obtained using procedure A are shown in Fig. 3.
Observations are displayed in black and each reproduced state
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Fig. 3: Results of fitting procedure A applied to the 2010–2011 outburst of GX 339-4. The black markers are fits taken from Clavel
et al. (2016) reported with their error-bars when reliable, while color lines display our results: green, blue, yellow and red for
hard, hard-intermediate, soft-intermediate, and soft states, respectively (see Sect. 2). Left, from top to bottom: the 3–200 keV total
luminosity L3−200 (in Eddington units), the power-law luminosity fraction PL f = Lpl/L3−200 and the power-law index Γ. Right: the
DFLD. The hard tail proxy used was frozen to 10%, but 1% and 3% proxies are also illustrated as red dot-dashed and dashed lines
(see paper III).
appears with its corresponding color code, as in Fig. 1. Since the
canonical spectral states can be easily reproduced (paper III) it
is not surprising that the whole cycle evolution in the DFLD can
also be successfully recovered. This is however the first time that
such a study is presented. While the total X-ray flux is satisfacto-
rily reproduced (Fig. 3, top-left panel), additional comments are
necessary for the evolution of both the power-law fraction PL f
and the spectral index Γ.
Most of the evolution of the power-law fraction (middle left
panel) is nicely recovered except for two epochs: one around
days 80-90 (blue) and the other during the soft states (red). The
zone around days 80-90 corresponds to the upper transition from
the rising hard state to the high hard-intermediate state. While
no disk is detected in the X-ray observation, our model often in-
cludes a weak disk component, decreasing the power-law frac-
tion by 1 − 2% in the worst cases (see upper transition in the
DFLD). The presence of weak disks in luminous hard states
remains debated (see, e.g., Tomsick et al. 2008), but may be
solved by missions with soft X-ray sensitivity like NICER. For
the present work, RXTE data alone provide no constraints be-
low 3 keV and investigating the presence of such a component is
therefore not possible with our data set. Note that disk detection
in hard states with RXTE are often considered as unrealistic due
to the parameters derived, see for example Nandi et al. (2012)
or Clavel et al. (2016). In the second ill-behaved portion, asso-
ciated with the soft state (in red, days 126 to 317), our PL f is
larger than the observed values. This is a natural consequence of
our choice of a 10% level for the hard tail. As discussed earlier,
this bias could be easily accounted for by allowing the hard tail
level to vary in time, down to 1% or lower (Fig. 3, right panel).
The time evolution of the power-law index Γ is represented
in Fig. 3, bottom left panel. Our findings are in agreement
with the observations whenever they are reliable (away from
the soft state in red). The only noticeable difference lies in the
soft-intermediate stages (days 90-120 and 350-380), where the
power-law is slightly steeper than observed, namely Γ = 2.4–2.6
compared to Γobs = 2.1–2.5. But this discrepancy is only of the
order of 0.2–0.3, a range consistent with the largest systematic
errors introduced by reflection component issues (see Sect. 3.1).
Choosing self-consistent models to account for this component
would presumably lead to slightly larger values of Γobs, decreas-
ing the difference with our Γ. To be fully exhaustive, this could
also be accounted for by varying model parameters frozen in pa-
pers II and III (e.g., accretion speed, illumination processes).
Taking all these elements into consideration, it appears that
both individual spectra and global DFLD evolution are quite
nicely reproduced by the model. The evolutionary track in the
DFLD has been obtained by finding the best fits (rJ , m˙in) accord-
ing to the minimum ζX at each time (Eq. 1). The correspond-
ing evolutionary curves rJ(t) and m˙in(t) are shown in Fig. 4.
Each color represents the spectral state of GX 339-4 while the
surrounding colored areas represent confidence intervals. The
most transparent area corresponds to the pairs of rJ and m˙in for
which ζX is within the 10% error margin of the fits, namely
ζX < 1.10ζX,best. The least transparent one corresponds to a
5% error margin such that ζX < 1.05ζX,best. It is worth noth-
ing that the accretion rate is very well constrained during the
whole evolution. On the contrary, the transition radius rJ has
good constraints only during the hard-intermediate (blue) and
soft-intermediate (yellow) states, while during the hard states,
large differences in rJ are barely visible in the resulting spectra.
The existence of a q-shaped evolutionary track in the DFLD,
attributed to an hysteresis, is here replicated by playing with two
(apparently) independent parameters, the transition radius rJ be-
tween the inner JED and the outer SAD and the disk accretion
rate m˙in. The two time-series shown in Fig. 4 are smooth and
follow qualitatively the expected behavior of hybrid disk mod-
els (see, e.g., Esin et al. 1997; Done et al. 2007; Ferreira et al.
2006; Petrucci et al. 2008; Begelman & Armitage 2014; Kylafis
& Belloni 2015). While it is quite natural to expect some convexe
curve for m˙in(t) (or m˙(t) at a given radius) during an outburst, the
behavior of rJ remains a mystery. During the quiescent phase,
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3.3. Dynamical requirements
The evolutionary track in the DFLD of GX 339–4 in 2010–2011
has been obtained by finding the best fits of (rJ , m˙in) according
to the minimum  2X (Eq. 1) at each time. The corresponding evo-
lutionary curves rJ(t) and m˙in(t) are shown in Fig. 4. Each color
represents the spectral state of GX 339–4 while the surrounding
colored areas represent confidence intervals. The most transpar-
ent area corresponds to the pairs of rJ and m˙in for which  2X is
within the 10% error margin of the fits, namely  2X < 1.10 
2
X,best.
The least transparent one corresponds to a 5% error margin such
that  2X < 1.05 
2
X,best. It is noteworthy that the accretion rate is
very well constrained during the evolution. Although computed
for the entire evolution, these intervals are visible mostly in rJ
during the two hard portions of the outburst, where the transition
radius rJ mostly constrains the power-law index   (see paper III).
The global evolution of the disk accretion rate follows the
usual expectations, namely it follows quite closely the evolu-
tion of the X-ray luminosity L3 200 (Esin et al. 1997; Done et al.
2007, and references therein). The existence of a q-shaped evo-
lutionary track in the DFLD, attributed to an hysteresis, is here
reproduced by playing with another independent parameter, the
transition radius rJ between the inner JED and the outer SAD.
While computing the radius evolution in time is beyond the
scope of the present paper, we note that its evolution corresponds
qualitatively to what was expected in the JED-SAD paradigm
(Ferreira et al. 2006; Petrucci et al. 2008) as well as other mod-
els (Meyer-Hofmeister et al. 2005; Begelman & Armitage 2014;
Kylafis & Belloni 2015). During the quiescent phase, most of
the inner regions of the disk need to be in a JED mode. Then,
as the disk accretion rate increases, there must be an outside-in
decrease of the transition radius, leading to the diminishing until
final disappearance (once rJ reaches rin) of the inner JED. Once
the binary reaches the thermal portion of the evolution, it re-
mains so until there is an inside-out rebuilding of the inner JED
(rJ increases again). What triggers the growth of the JED will
however require further investigations, beyong the scope of this
study. Within our paradigm, this must be related to the strength
of the vertical magnetic field embedding the disk, as discussed
for instance in Petrucci et al. (2008).
While alternative mechanisms could be also invoked (e.g.,
Kylafis & Belloni 2015; Cao 2016), the strength of the JED-SAD
framework is its ability to also estimate the radio flux associated
with a given disk configuration. This is done using the formula
derived in Appendix A from paper III,
FR = f˜R m˙
17/12
in rJ (rJ   rin)5/6 FEdd (2)
where FEdd = LEdd/4⇡d2 and f˜R is a dimensionless renormal-
isation factor. This formula has been obtained using the same
reasoning as in Heinz & Sunyaev (2003). Radio emission is as-
sumed to be self-absorbed synchrotron emission from a non-
thermal power-law particle distribution with an exponent p = 2.
The local magnetic field in the jet is assumed to follow that of
the disk in a self-similar fashion. Within this scheme, the total
radio flux FR becomes not only a function of the disk accretion
rate m˙in, but also of the JED radial extent (hence rJ and rin),
since it controls also the radial extent of the jet (again, within the
self-similar approximation). This allows to put all uncertainties
within the normalisation factor f˜R. This factor has been chosen
constant along the full cycle, to best fit observations with the
value f˜R = 3 ⇥ 10 11 (see paper III for more details).
The predicted radio light-curve must be compared to Corbel
et al. (2013) observations (Fig. 4, bottom panel). Strikingly, the
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Fig. 4: Time evolution of rJ (top panel) and m˙in (middle panel)
associated to the best  2X defined by Eq. (1). The color code is the
same as previously. The transparent colored areas correspond to
the confidence intervals of 5% and 10% error margin (see text).
Bottom: estimated radio flux in mJy at 8.6 GHz, using Eq.(2)
with f˜R = 3 ⇥ 10 11 (see text). A red dashed line at 10 2 mJy
illustrates the detection limit. Markers correspond to observed
radio fluxes associated with persistent jets.
global trend seems to follow reasonably well the observations.
This is extremely promising since reproducing radio fluxes was
not part of the initial objectives. Clearly, the level of radio emis-
sion is always adjustable via the renormalisation factor f˜R. But
what is remarkable here is the shape of the light curve itself,
since it has been obtained using only constraints derived from
X-ray spectra. Some di↵erences remain however. Quantitatively,
the radio flux is overestimated in the rising hard state by more
than one order of magnitude (upper triangles, days 0–80), which
implies that the parametric evolution in this portion of the evo-
lution needs investigation to better fit the radio flux. However,
all observed points seem to be within the 5% confident region.
The same problem arises in the decaying phase, where the flux
is underestimated at first (days 360–380) and overestimated as
some point in the hard state (days 400–450). Qualitatively, in the
high steep power-law state (yellow, days 100–130), the transi-
tion radius has not yet decreased down to rin (corresponding to
a zero jet extent) and, according to our formula (2), radio emis-
sion should be produced and detected. However no steady radio
flux has been observed during this portion of the outburst. This
suggests that the configuration should not produce the steady ra-
dio emission expected in our calculations, mainly for two possi-
ble reasons. (1) the JED extension is two tiny to be able to pro-
duce steady jets, i.e. the predicted radio emission (see Sect. 4.3).
(2) the rapid variations on the transition radius in the segment
[rin, 2rin] does not produce steady, but variable emission (see
observations in Sect. 2.3).
To summarize, by defining a  2 based only on several X-
ray diagnostics, we were able to reproduce the entire 2010–2011
outburst from GX 339–4. This was done at the expense of using
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have not been a↵ected, due to the absence of radio constraint,
and their reproduction remains excellent.
Moreover, as expected, the addition of the radio fluxes within
the fitting procedure has allowed to much better reproduce the
radio light-curve (Fig. 5, 3rd panel). The global rising and de-
caying radio emission during the hard states (green) match al-
most perfectly. The intermediate states (blue), during which
a swift decrease/increase in radio luminosity occurs, are also
finely retrieved. Two questions remain. (1) the low-luminosity
steep power-law states (days 350–380, yellow), during the de-
caying phase, where the unexpected plateau is approximately re-
produced. (2) the high-luminosity steep power-law states (days
100–130, yellow), as it was already seen in procedure A, where
detectable radio emission is predicted by our model while no
steady radio flux has been observed. This is probably an indica-
tion that our model for jet radiation needs to be refined, as we
will discuss in next section.
4.3. Jet radiative efficiency
As pointed out previously, our model for the jet emission is
quite simple. It assumes that a population of non-thermal par-
ticles with power-law index p = 2 is distributed everywhere in
the hollow jet, giving rise to a synchrotron self-absorbed emis-
sion (Blandford & Königl 1979; Heinz & Sunyaev 2003). At
any given altitude z, the jet width is proportional to the underly-
ing JED radial extent, namely  Rjet(z) / (rJ   rin). Very simple
calculations allow then to compute the functional dependency
of the jet emission as well as its spectrum (see Appendix A in
paper III). Quite surprisingly, this model reproduces almost per-
fectly the observed radio light curve (Fig. 5).
There is however notable exceptions, the steep power-law
phase (yellow), where our model predicts radio emission which
does not seem to be observed:
– the hard-to-soft transition (days 100 to 130): radio flares
have been observed during this outburst (Fig. 2), and seem
to be usually present few days after the steady jets quench-
ing (Fender et al. 2004, 2009; Kylafis et al. 2012),
– the soft-to-hard transition (days 350-380): no radio flares
have been detected but a (weak) steady radio emission is ob-
served (Fender et al. 2009), suggesting a slow rebuildi g of
the jets (Kylafis et al. 2012).
The discrepancy with our model is mostly for the hard-to-
soft transition. During this phase the transition radius rJ(t) drops
down to values as low as 3 or 4 (namely between 1.5 and 2 in-
ternal radius rin) and our simplified self-similar radio emission
model may not apply anymore. Indeed, it is not clear that the jet
radiative e ciency would follow the same pattern (i.e. the same
value f˜R in Eq. 2) when rJ ! in. Under such circumstanc s,
unsteady jet production and/or emission might be expected as
the jet production source would be closer to a point, lea ing to
a spherical g ometry6, rather than the usual cylindrical geom-
etry when rJ   rin. Moreover, the fluctuating character of the
transition radius during this phase could also lead to question
both the self-similar and the steady state hypothesis. Note that
these fluctuations are not present during the soft-to-hard tran-
sition, where such steady emission is indeed detected. Another
possibility could be related to the source of the non-thermal par-
ticles. It has been shown that multiple shocks in mildly rela-
tivistic flows emitted by the disk would lead to particle accel-
eration and that the emitted overall synchrotron spectrum com-
pares quite successfully with those observed from the radio to
6 Di↵erent values for   nd ! in Appendix A from paper III
the IR band (see, e.g., Malzac 2013, 2014; Drappeau et al. 2015).
This is a very promising model for the steady radio emission, as
the time scales involved in the fluctuating jet speeds are much
shorter than the duration of the radio emission. However, it re-
quires the existence of some underlying fluctuating, albeit sta-
ble, jet production structure that we interpret as being the JED.
When the radial extent of the JED is too small, like in the two
steep power-law phases, strong modifications of the jet dynam-
ics are also expected. So, for all these reasons, we do not feel too
uncomfortable with the discrepancies found during these yellow
phases.
Within the JED paradigm, the total (matter and electromag-
netic) power that feeds each jet Pjet is known as it depends only
on m˙in, b, rJ (see paper III). On the other hand, our simplified
model for the jet emission provides the monochromatic power
LR = ⌫RFR emitted at the radio frequency ⌫R, as given by eq. 2.
This allows to compute the jet radiative e ciency in the radio
band as
frad =
Lbol
P jet
=
4
b
fR
 
⌫B
⌫R
!1+↵p
(mm˙in)
5
2p+8 r
  2p+334p+16
in r
p+9
p+4
J
⇣
1   rinrJ
⌘ 5
p+4
1  
⇣
rJ
rin
⌘⇠ 1
(4)
where p = 2. The lack of observationnal constraints on the jet
break frequency enforces us to use a constant value ⌫B ⇠ 1014 Hz
(Gandhi et al. 2011; Russell et al. 2013; Koljonen et al. 2015).
We also use ⌫R = 8.6 GHz ' 1010 Hz, ans assume a flat spectrum
radio source (↵ = 0), leading to total radiative losses always
⇠ 104 times larger than the power emitted in the radio band from
one jet (as long as the spectrum remains flat).
0 50 100 150 200 250 300 350 400
Time (MJD-55208)
3
Fig. 6: Radiative e ciency of the jets as function of time dur-
ing the 2010–2011 outburst from GX 339–4. The color code is
similar to Fig. 5.
Figure 6 shows the radiative e ciency frad along the evolu-
tion using procedure B ( f˜R = 1.05 10 10). Several remarkable
features can be noted.
The first is that during the whole ascending hard states, frad is
roughly constant and around 0.1% only. Such a small e ciency
implies that jets are barely radiative and that an adiabatic de-
scription may probably catch most of their dynamical (accel-
eration and collimation) properties. Note that a similar value
✏J . 0.3% as already been derived by (Malzac et al. 2004)
D’autres études du genre depuis ?.
A second feature is the dramatic decrease (resp. increase) by
factor ⇠ 10 of the radiative e ci cy during the rising (resp.
decaying) intermediate states. Even though rJ decreases (resp.
increases) leading to a decrease (resp. increase) of Pjet, the radio
emission must decrease (resp. increase) even faster. It is interest-
ing to question whether our simple model for jet radiation could
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4: Time evolution of rJ (top) and m˙in (down) ass ciated with
the best ζX defined by Eq. (1). The color code is the same as pre-
viously. The transparent colored areas correspond to the confi-
dence intervals of 5% and 10% error margin (see text).
most of the inner r gions of the disk need to be in a JED accret-
ing mode. Then, as the disk accretion rate cre se , there must
be an outside-i decrease of the transition radiu , leading to the
dimini hing until final disappear nc of the inner JED when rJ
reaches rin. Once the binary system reaches the soft portion of
its evolution, it rema ns so until the decr ase in m˙in leads to an
inside-out rebuilding of th inner JED when rJ in reases again.
Our work reveals what would be required in order to explain
the 2010–2011 outbur t of GX 339-4 with ut xplaining the rea-
sons f it. What riggers the growth and ecrease of the JED re-
quires dynamical investig ions that are beyond the scope of the
pres nt tudy. We note howev r that, within our paradigm, this
must be related to the strength and radial distribution of th ver
tical magnetic field e bedding th disk, as proposed in paper I.
3.2.2. Results: predicted radio light curve
This section aims at revising previous estimates of the radio flux
emitted by a given accretion flow (see for example Blandford
& Königl 1979; Heinz & Sunyaev 2003). In our estimates, we
neglect any radiative contribution from the central Blandford &
Znajek jet core (Blandford & Znajek 1977, see introduction of
paper II). Furthermore, by considering only radio fluxes no as-
sumptions6 on the spectral index of jets have to be made (see
paper III, Appendix A). Radio emission is assumed to be self-
absorbed synchrotron emission from a non-thermal power-law
particle distribution with an exponent p = 2. The local mag-
netic field in the jet is assumed to follow that of the disk in
a self-similar fashion. The magnetic field in the JED is known
since it depends only on the local disk accretion rate. All usual
uncertainties such as details of particle acceleration, jet colli-
mation, Doppler beaming, or inclination effects can be hidden
within a common normalization factor. Although legitimate, a
more precise description of these processes is far beyond the
scope of this pa r. There are still, however, uncertainties related
to the hape of the photosphere at the given radio frequency (e.g.,
νR = 9 GHz), as llustrated in Fig. (5).
6 Note that such an assumption is justified by the existing radio/X-
ray correlation (Corbel et al. 2013b), despite variations of α during the
evolution.
Since the JED has a finite radial extent, the whole jet is itself
limited in radius with a total width proportional to rJ − rin. At a
frequency νR, the whole jet is thus optically thick up to an alti-
tude z1, whereas it becomes fully optically thin beyond z2. Be-
tween these two altitudes, the photosphere has a shape following
rν(z) whose precise description can only be known once a full
2D (not self-similar) jet model will be achieved. This is still a
pending issue. Therefore, an approximation for this photosphere
is required to estimate the flux emitted in the radio band.
Fig. 5: Schematic view of the magnetized accretion-ejection
structure, as a function of radius r and altitude z. The extent of
the JED and SAD is shown in grey (vertical heights were com-
puted from our model, see paper III), while the jet launched from
the JED is shown in orange (sketch of what its geometry could
look like). The photosphere rν(z) at a given frequency ν is shown
in red, splitting the jet in an inner optically thick (dark-orange)
and outer optically thin (light-orange) regions. Within our sim-
ple approach, each field line widens in a self-similar way so that,
at a given altitude z, a field line anchored at rin has achieved a
radius r(z) = Wrin, while that anchored at rJ is WrJ , with the
same asymptotic widening factor W.
In paper III, it was implicitly assumed that the dominant ra-
dio emission would be emitted around z1, leading to the follow-
ing expression for the flux
FR1 = f˜R1 m˙
17/12
in rJ (rJ − rin)5/6 FEdd (2)
where FEdd = LEdd/(νR4pid2) is the Eddington flux at νR received
at a distance d. As expected, the radio flux FR1 is not only a func-
tion of the disk accretion rate m˙in, but also a function of the JED
radial extent [rin, rJ]. All usual uncertainties are incorporated
within the normalization factor f˜R1 , which can be tuned to fit the
observed fluxes. We refer the reader to Appendix A in paper III
for more informations on the derivation of this equation (2).
However, in the limit of a large JED extension, the radio flux
scales as FR1 ∝ r11/6J with this formula. Although increasing the
emitting volume (or, alternatively, the photosphere surface scal-
ing as rJrin) might lead to an increase of the radio flux, it seems
doubtful that the flux would increase almost like r2J . Indeed, ra-
dio is due to self-absorbed synchrotron emission that depends
on the local magnetic field strength. Now, while there is cur-
rently no consensus on the magnetic field distribution in jets,
they are usually described with a central core of almost constant
field, surrounded by a steeply decreasing magnetic field structure
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(see, e.g., Nokhrina et al. 2015). As a consequence, we expect a
swift transition of the photosphere rν(z), going from the exter-
nal jet radius (at z1) to the internal jet interface (at z2), where
magnetic fields are stronger. Radio jet emission could thus be
actually dominated by a zone of surface ∝ r2in around z2. Within
this other extreme limit, one derives the following expression for
the radio flux
FR2 = f˜R2 m˙
17/12
in rin (rJ − rin)5/6 FEdd (3)
This new expression is better behaved at large JED radial extent
and remains consistent with a drop in the radio flux when the
JED disappears (rJ → rin). Clearly, it is impossible to go further
without a proper 2D calculation of the jet dynamics. But, within
our current level of approximation for the jet radio emission, the
above two expressions provide two reasonable flux limits.
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Fig. 6: Radio light curves at 9 GHz in mJy predicted using
Eq. (2) (top) and Eq. (3) (bottom). A red dashed line at 10−2 mJy
illustrates a typical detection limit. Markers correspond to ob-
served radio fluxes associated with steady jets (see Fig. 2.
Figure 6 displays the Corbel et al. (2013b) radio observa-
tions (black), and the two predicted radio light curves using the
parameters found on X-ray spectral modeling only. The two nor-
malization factors, f˜R1 = 1.05 × 10−10 and f˜R2 = 4.5 × 10−10,
are assumed to remain constant along the full cycle and were
chosen to best fit radio observations at νR = 9 GHz. Strikingly,
the global trends follow reasonably well the observations, with
a net radio decrease (resp. increase) near the switch-off (resp. -
on) phase in both cases. Clearly, the level of radio emission is
always adjustable via the renormalisation factor f˜R. But what is
noteworthy here is the shape of the light curve itself, since again
it is obtained using only constraints (rJ , m˙in) derived from X-ray
spectra. This result is promising since the reproduction of the
radio fluxes was not a requirement of our fitting procedure.
There are, however, some quantitative differences that de-
serve some attention. The theoretical radio flux is overestimated
in the rising hard state by up to two orders of magnitude (up-
per triangles, days 0–80). This is especially the case for FR1 ,
due to the higher dependence on the transition radius rJ . The
same problem arises in the decaying phase, when the flux is un-
derestimated at first (days 360–380) and overestimated later in
the hard state (days 400–450). Note however that most of these
points belong to the 5% error bar regions (or confidence inter-
vals) for rJ . The fact that observed points always lie within these
regions means that a reasonable radio light curve can be built us-
ing values of rJ(t) derived using the X-rays, even at epochs when
X-rays are barely sensitive to rJ (largest error bars). Moreover,
when the uncertainties in rJ decrease (blue zone) the model ad-
equacy for the radio increases significantly. Since error bars in
radio are quite small, explaining the radio emission during the
hard states would only require to change rJ accordingly, with no
significant loss of information in the X-rays. In practice, this dis-
cussion advocates for the inclusion of radio luminosities within
the fitting procedure, as described in Sect. 4.
A different kind of discrepancy between the radio emission
models and data can be seen during the yellow soft-intermediate
phases. In the high phase (days 100–130) the transition radius
has not yet decreased down to rin (corresponding to a zero-extent
jet) and, according to both our formulae, radio emission should
be produced and detected. However, no detection of steady jets
is reported, only flares (see Fig. 2). In the low phase (days 350–
380), radio emission is detected at a level sometimes larger than
predicted by the model (especially for FR1 ). Our simple jet emis-
sion model seems thus to introduce significant errors during
these phases. However, they correspond to rJ varying between
rin and 2rin (Fig. 4). Now, the jet emission model assumes that
the radio emission properties scale with the JED radial extent.
It is doubtful that this would still hold when rJ → rin. Indeed,
jet collimation properties (and possibly particle acceleration effi-
ciency) may undergo significant changes when the jet launching
zone becomes a point-like source. We should therefore not ex-
pect too much from our radio emission model during these states.
To summarize, our simple radio emission model does seem
to predict the global trend for the observed radio light curve, for
both formulae. This was a by-product of our JED-SAD formal-
ism and not a requirement of the model. However, not only the
theoretical dependency of FR1 with rJ appears dubious, but it is
also less effective in reproducing the observed radio light curve.
This is the reason why, in the following, we will only focus on
FR2 .
4. Replication of the 2010–2011 cycle including
radio constraints
4.1. Fitting procedure B
Hereafter, the radio flux is described by Eq. (3), and FR2 and f˜R2
will now be referred to as FR and f˜R. Being very sensitive to the
transition radius rJ , this radio flux can thus be used along with
the X-rays to constrain the disk dynamical state. Hence, for each
observation at any given time, we now search for the best pair
(rJ , m˙in) that minimizes the new function
ζX+R = ζX +
|log
[
FR/FobsR
]
|
αR
(4)
where ζX is defined in Eq. (1), FR is the predicted radio luminos-
ity computed above, FobsR the observed luminosity, and αR = 5
the radio weight chosen for best results. Note however that the
addition of the radio constraints is not straightforward for the
three following reasons:
(1) We only have 35 radio observations across the ∼ 450 days
of the observed cycle. Since no radio flux associated with com-
pact jets has been observed during most of the soft-intermediate
states (yellow) and during the soft state (red), no radio constraint
will be imposed during these states (see Fig. 2). We thus use the
former ζX (Eq. 1) in these cases.
(2) When they exist (hard and hard-intermediate states), ra-
dio observations often do not exactly match with the date of X-
ray observations. However, during these states, thanks to the high
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density of radio observations, we were able to interpolate radio
observations and to associate to each X-ray observation an ex-
pected radio flux.
(3) Theoretical radio fluxes FR are computed with Eq. (3) us-
ing the same normalization factor for the entire cycle. This is jus-
tified as long as some self-similar process is involved throughout
the cycle. Note that, contrary to the fitting procedure A, includ-
ing the radio introduces a global constraint through this com-
mon value f˜R. Within procedure A, the radio light curve could
be shifted vertically (in flux) by changing the value of f˜R with-
out modifying either rJ or m˙in. In procedure B, the value of f˜R
is included in each individual fit and thus influences the con-
vergence to the best (rJ , m˙in) parameter set. Our best value is
f˜R = 2.5 × 10−10 (remember that rin = 2 here).
4.2. Results
Figure 7 shows the results of the fitting procedure B using both
X-rays and radio fluxes. We use the same color-code as be-
fore: green for hard, blue for hard-intermediate, yellow for soft-
intermediate, and red for soft states.
In comparison to procedure A, this new procedure introduces
modifications to the transition radius rJ and marginally to the
disk accretion rate m˙in. This leads to significant modifications to
the radio flux FR and the spectral index Γ. To better see these
changes, we over-plotted the results from procedure A in grey
lines in Fig. 7. As expected, the global X-ray flux and power-law
fraction are not altered by the addition of radio constraints. Their
evolution as well as the associated DFLD remain the same as in
Fig. 3. The strongest quantitative modifications to the global evo-
lution of rJ and m˙in occur in the hard states (Fig. 7, two bottom
left panels). Instead of monotonically decreasing in time (as with
procedure A), the transition radius now remains roughly stable
around rJ ' 20, i.e. rJ ' 10rin, within most7 of the hard state
evolution and especially in the rising phase between days 0 and
80. This smaller transition radius also leads to a slightly smaller
accretion rate, due to the higher radiative efficiency of the SAD
(paper III).
Spectrally, the reproduction of the power-law index Γ is
slightly degraded in the rising hard states (days 0–80). The other
portions of the outburst are not affected, due to the absence of
radio constraint, and their reproduction remains satisfactory. In
the hard states, the addition of a radio constraint forces a smaller
transition radius than before (Fig. 7, left column, 5th panel). This
results in spectra harder than those observed, with Γ ' 1.6 − 1.7
as compared to Γobs ' 1.5 − 1.6 (3rd panel). As argued in
Sect. 3.1, this discrepancy could be easily compensated by bet-
ter taking into account the reflection component. Moreover, al-
though our model deals with the illumination by the inner JED
of the outer soft SAD photons, it does so in quite a simplified
way using a simple geometrical factor ω. As shown for instance
in Fig. 2 from paper III, a slight modification of ω could lead to
variations up to 0.4 in Γ. The systematic error induced by these
two simplifications has the right order of magnitude to explain
the discrepancies seen in Fig. 7. Therefore, the model is consis-
tent with observations for the whole cycle.
Finally, and by construction, the addition of the radio fluxes
within the fitting procedure allowed to much better reproduce the
radio light curve (Fig. 7, left column, 4th panel). Both the ris-
ing and decaying radio emissions during the hard states (green)
7 Note that this is consistent with previous calculations using Heinz &
Sunyaev (2003) calculations, where rJ was not taken into account in the
model.
now match almost perfectly. The hard-intermediate states (blue),
during which a swift decrease/increase in radio luminosity oc-
curs, are also finely recovered. With no surprise, as with pro-
cedure A, the behavior of our jet emission model during the
soft-intermediate states (yellow) has room for improvement: too
much emission is predicted in high states. This issue is already
discussed in Sect. 3.2.2.
The bottom right panel in Fig. 7 shows the co-evolution
rJ(m˙in) of the disk accretion rate and the JED-SAD transi-
tion radius. The overall behavior follows qualitatively what was
expected from previous theoretical works from, for example,
Meyer-Hofmeister et al. (2005) or Kylafis & Belloni (2015).
Note that these were only illustrations, whereas our rJ(m˙in)
curve relies on complex modeling and fits performed on multi-
wavelength data. Such a representation suggests that the disk ac-
cretion rate is the only control parameter that leads to the ob-
served evolutionary track of XrBs. This is not a conclusion that
can be drawn yet. Indeed, rJ depends on the local disk magne-
tization (hence a function of the local magnetic field and disk
column density) while m˙in depends on both the dominant torque
and column density. There are thus two local disk quantities that
come into play: the magnetic field and the column density; and
the way the magnetic field evolves in accretion disks is still a
pending question. One possible way to tackle this issue would
be to see how generic the resulting rJ(m˙in) curve is, for instance
by deriving it for all cycles of a given object as well as for dif-
ferent objects.
4.3. Open questions
Before concluding, a few open questions need to be discussed.
First, in our view jets are mainly emitted directly from the
disk, i.e. the inner JED portion, and we only computed the radio
emission from that component. Since the global scenario from
paper I relies on the existence of a large scale vertical magnetic
field, jets emitted from the rotating black hole ergosphere are
also probably present (Blandford & Znajek 1977; Tchekhovskoy
et al. 2011; McKinney et al. 2012). We did not take this dynam-
ical component into account and doing so could potentially lead
to some quantitative changes in the total radio emission. This
deserves further investigation. Moreover, multiple radiative pro-
cesses concerning the two jets have been ignored. We aim here
at giving a first order estimate of the jets contribution, but a more
precise description of the jets radiative emission signature would
lead to a more realistic picture. One could for example imag-
ine including effects like jet collimation or inclination. This is a
work that will be done by coupling our code with a jet spectral
code ISHEM (Malzac 2014; Péault et al. 2019), and thus also
further addressing the possibility of dark jets (Drappeau et al.
2017). Additionnally, a careful reader will note that our face-on
disk is inconsistent with our edge-on estimates of the jets emis-
sion: this issue will be dealt with in the future.
Second, another aspect that has been disregarded in our study
so far is the possible production of winds. In X-ray binaries,
winds have mainly been detected in the soft state (Lee et al.
2002; Ponti et al. 2012), but very recent work suggests the dis-
covery of such winds in the hard state, challenging this usual and
historical view (see for example Homan et al. 2016; Tetarenko
et al. 2018; Mata Sánchez et al. 2018). Unless, of course, the
mass loss rate in the wind is huge, the presence of such winds
in the soft state would not have an important impact on the disk
structure, and thus on the spectral shape in X-rays (see paper
III, Sect. 2.1.2). Their impact however in the case of magneti-
cally dominated (JED) disks remains to be investigated. Indeed,
Article number, page 9 of 12
A&A proofs: manuscript no. Groik
t = 0
t = 438
t = 0
t = 438
Fig. 7: The 2010–2011 outburst of GX 339-4, derived using the fitting procedure B that takes into account X-rays and radio
constraints. On the left, from top to bottom, light curves of: 3–200 keV flux (in Eddington units), power-law fraction, power-law
index, radio flux FR (in mJy), transition radius rJ , and accretion rate m˙in. Light curves of the same quantities, but obtained using
procedure A (Fig. 3), are also reported with grey lines for comparison. On the right, evolutionary tracks in the associated DFLD
(top) and in a rJ vs m˙in diagram (bottom), in which the starting and ending positions are indicated. The color code is the same as
previously: green triangles for hard state, blue circles for hard-intermediate, yellow crosses for soft-intermediate and red crosses for
soft. Different symbols were used for the two phases of the hard state to better disentangle them: Upper-triangles are used for the
rising phase and lower-triangles for the decaying phase. Error-bars for the 5% and 10% confidence intervals are also displayed on
the bottom-right panel.
it remains to be checked whether or not these winds are being
launched below rJ , i.e. within the JED portion of the disk. If this
is actually confirmed, then a very interesting question arises: are
those winds only the radiative signature of the base of the jets
(low velocity and still massive outflow) or another, different, dy-
namical component making the transition from the outer stan-
dard accretion disk to the innermost jet-emitting disk? Although
these observations do not involve GX 339-4, this is a question
that will require investigations in the future.
Last but not least, although timing properties are an impor-
tant feature of X-ray binaries’ behavior, we did not discuss them
here. Investigating hard/soft lags (see Uttley et al. 2014, for a
recent review) and quasi-periodic oscillations (QPOs, see Zhang
2013; Motta 2016) requires us to dig into the details of each
observed spectrum. Such studies are out of the scope of the
present paper. Our view is, however, consistent with multiple
timing properties. First, the presence of an abrupt transition in
disk density is a highly favorable place for the productions of
QPOs within different mecanisms. Such a radius could be asso-
ciated with the location of some specific instability (Tagger &
Pellat 1999; Varnière et al. 2012), the transition from the outer
optically thick to the inner optically thin accretion flow (e.g. Gi-
annios & Spruit 2004), or the outer radius of the inner ejecting
disk (e.g. Cabanac et al. 2010). Investigations will be presented
in a forthcoming paper. Whether or not, however, such high den-
sity break is stable and produces QPOs is a question that needs to
be addressed. We note for instance that high frequency QPOs are
indeed observed in 3D GRMHD simulations, at the radial tran-
sition between the inner magnetically arrested disks (MAD) or
magnetically choked accretion flows (MCAF) and the outer stan-
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dard accretion disk (see McKinney et al. 2012, and references
therein). We also expect such a situation to arise in our case since
the magnetic properties of MAD/MCAF are very close to that
of the jet-emitting disk: a vertical magnetic field near equiparti-
tion, near-Keplerian accretion (beyond the plunging region), and
a global accretion torque due to the presence of outflows. Sec-
ond, while the production of time lags is usually associated with
the presence of a corona/lampost geometry (Uttley et al. 2014,
Fig. 1), very recent studies have shown that a radial stratification
of the disk can be used to explain timing properties (Mahmoud &
Done 2018; Mahmoud et al. 2018). This is very promising and
fits surprisingly well with our own framework. These two tim-
ing questions will be raised and further studied in forthcoming
works using dedicated observations.
5. Conclusion
Using the jet-emitting disk/standard accretion disk (JED–SAD)
description for the inner regions of XrBs, we were able to repli-
cate several observational diagnostics along the whole 2010–
2011 cycle of GX 339-4 to a very good agreement. These diag-
nostics are the 3–200 keV total luminosity L3−200, the power-law
luminosity fraction PL f = Lpl/L3−200, and the power-law index
Γ. The observational X-ray constraints presented in this paper
were derived from the RXTE/PCA observations of GX 339-4.
The spectral parameters we use were provided by Clavel et al.
(2016) and directly compared to the theoretical ones. Those were
obtained following the methods and limitations described in pa-
pers II and III. The unknown dynamical parameters, allowed to
vary along the cycle, are the JED–SAD transition radius rJ and
the disk accretion rate onto the black hole m˙in.
Our present work followed a three steps process. We first
looked for the best (rJ , m˙in) light curves that could reproduce all
X-ray diagnostics. We then showed, using a simple self-absorbed
synchrotron emission model for the jet, that the model predicts
a radio light curve qualitatively consistent with the Corbel et al.
(2013b) observations of GX 339-4 at that same epoch. We real-
ized that radio observations introduce a strong constraint on the
JED–SAD transition radius rJ during hard states, a constraint
much more stringent than that provided by the X-ray data alone.
As a last step, the radio luminosity has thus been included within
the fits to constrain the disk dynamical state (rJ , m˙in) accordingly
with the X-ray spectral shape. This procedure greatly improved
the agreement between the model and the radio observations,
mostly by changing the magnitude and temporal behavior of rJ .
Obviously, the parameters derived from X-ray observations can
be strongly dependent on the spectral model selected and on the
analysis procedures. We estimated the systematic errors intro-
duced and in particular those due to the reflection component
that is not yet included in our model. It turns out that they are
consistent with the small discrepancies found between the model
and the observations. We are thus confident on the robustness of
our results, namely the reproductibility of the full XrB outburst
and the trends derived for the model parameters rJ and m˙in.
In order to fully understand the behavior of an outbursting
XrB, one needs to explain both X-ray spectral changes and ra-
dio emission properties. A full cycle draws therefore a trajectory
in a 3D space, made of the DFLD plus the radio flux axis. Ul-
timately, our approach can be thought as an effort to map this
3D evolutionary track into a 2D plot rJ(m˙in). If, indeed, a figure
such as the one presented in Fig. 7, bottom right panel, appears
to be generic for a given object, then a dynamical explanation
needs to be proposed. It will be a complex task since the evo-
lution time scales involved are extremely long compared to any
local timescale.
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